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NASA TT F-1 1,766 

POLYMORPHISM O F  C O P P E R  SULFIDES I N  THE SYSTEM C U ~ S - C U ~  . 8 S 1  

E . N .  Yeliseyev, L . Y e .  Rudenko ,  L . A .  S i n e v ,  
B . L .  Koshurnikov and N. I .  Solovov 

ABSTRACT. Four mineral species  have b e e n  determined i n  t h e  
system Cu S-Cu 

C u l e g g S ,  a new hexagonal copper s u l f i d e  

Yelisayev [91) and d igen i t e  C w  *S.' A prec i se  diagnosis  of 
t h e  phases and t h e i r  polymorphlt modificati- of  copper 
su l f ides  may serve  as  an important c r i t e r l A o f  physic@)$ 
chemical c o n d i t i o n s  of t h e  c rys ta l  1 i z a t ion  of native- mi* 
e r a l s  i n  o res  and chemical combinations i n  products o;(F.': 
metal lurgical  a l t e r a t i o n  of copper s u l f i d e  and copper- 
n i c k e l  ores. T h e  na t ive  copper s u l f i d e s  of  one or another 
composition o r i g i n a t e  a s  a r e su l t  of oxidizing condittms 
i n  mineral formations. The  data  on copper sulfides-, b o t h  
minerals and a r t i f i c i a l  compounds i n  the system Cu S-Cu ' 

2 1.96' quoted i n  the paper may b e  considered s tandard.  

They are chalcosine Cu2S, d j u r l i t e  2 1.8" 
C u l a 9 S  ( E .  N .  

The problem o f  the  exis tence o f  polymorphic modifications i n  cha lcoc i te  
Cu2S i s  extremely important f o r  r e f in ing  d iagnos t ics  of  minerals i n  p y r i t i c  
depos i t s  and f o r  determining the  phase composition i n  the  products o f  metal-  
l u r g i c a l  reduct ion of copper s u l f i d e s  ( p y r i t i c  and s u l f i d e  copper-nickel o r e s ) .  
The l i t e r a t u r e  on copper pyrometallurgy [ l ,  1 2 ,  13 e tc . ]  mentions only the  
presence of copper s u l f i d e  Cu2S. 
more information and many more opinions on the  na tu re  of cha lcoc i te  and r e l a t e d  
copper s u l f i d e s  such as d igeni te  Cul 8S(CugS5). 
polymorphic modifications of copper Sul f ides  have been the  cause of the  present  
s i t u a t i o n  o f  no r e l i a b l e  powder p a t t e r n  da t a  which could be used f o r  diagnos- 
i ng  n a t u r a l  o r  a r t i f i c i a l  copper su l f ides  i n  the  Cu2S-Cu S system. The s tudy 

/38S2 

The mineralogical l i t e r a t u r e  contains  much 

Contradictory d a t a  on the  

1 . 8  
of  polymorphism i n  copper su l f ides  is not only o f  p r a c t i c a l  importance f o r  
diagnosing minerals and a r t i f i c i a l  compounds, bu t  may serve  as a more r e l i a b l e  
b a s i s  f o r  r a t i o n a l  c l a s s i f i c a t i o n  of copper s u l f i d e s .  

L.Ye.  Rudenko, L . A .  Sinev, B.L.  Koshurnikov and N . I .  Solovov p a r t i c i p a t e d  i n  
t h e  experimental  p a r t  of the  work; L.Ye. Rudenko and L.A.  Sinev -- i n  syn- 
t h e s i s  of t h e  copper su l f ides ;  N.I. Solovov and B . L .  Koshurnikov -- i n  syn- 
t h e s i s  of copper-nickel converter mattes. X-ray ana lys i s  o f  t h e  copper s u l -  
f i d e s  was undertaken by E.N. Yeliseyev and L.Ye. Rudenko, t h a t  o f  the  con- 
v e r t e r  mat tes  was undertaken by E . N .  Yeliseyev and N . 1  . Solovov. The e n t i r e  
remainder of  t h e  work was done by E.N. Yeliseyev. 
Numbers i n  the  margin ind ica t e  pagination i n  the  foreign t e x t .  
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Works on syn thes i s  of copper su l f ides  a r e  o f  g r e a t  a s s i s t ance  i n  
e s t ab l i sh ing  the  s i n g u l a r i t i e s  of polymorphism i n  these  compounds. An i n v e s t i -  
gation o f  t h e  condi t ions f o r  phase s t a b i l i t y  i n  t h e  C U ~ S - C U ~ . ~ S  system provides 

a b a s i s  f o r  a b e t t e r  explanat ion of the conditions o f  mineral formation i n  
na ture ,  the  ex is tence  of  ind iv idua l  phases i n  the  products o f  meta l lurg ica l  
reduct ion o f  copper s u l f i d e s ,  and a l s o  f o r  r e f i n i n g  t h e  systematics  of  copper 
minerals ( s u l f i d e s ) .  

In t h i s  a r t i c l e  an attempt is  made t o  e s t a b l i s h  t h e  e n t i r e  range and 
e f f e c t i v e  boundaries of ex is tence  o f  copper s u l f i d e  modif icat ions i n  t h e  
Cu S - C U ~ . ~ S  system on the  bas i s  o f  t h e  ava i l ab le  mater ia l s  i n  t h e  l i t e r a t u r e  2 
and t h e  r e s u l t s  of synthes is  of copper s u l f i d e s  under var ious condi t ions ,  as 
well as  d a t a  on c r y s t a l l i z a t i o n  of copper s u l f i d e s  from converter  mattes of  
t he  copper-nickel meta l lurg ica l  industry.  

Natural Modifications o f  Copper Sulfides i n  t h e  C U ~ S - C U , . ~ S  S y s t e m  

Ye. K .  Lazarenko [ lo]  considers the problem o f  the  ex is tence  o f  poly- 
morphic modif icat ions -- 'Va r i e t i e s "  - -  o f  cha lcoc i te  under na tu ra l  condi t ions 
i n  t h e  p y r i t i c  depos i t s  of t h e  Central  Urals. 
severa l  v a r i e t i e s  of  cha lcoc i te  i n  t h e  p y r i t e  beds: (1) most abundant i s  a 
bluish-white ,  s t rong ly  an i so t rop ic  copper s u l f i d e ;  (2) comparatively r a r e  i s  
a laminar form, s t rongly  an i so t rop ic  and found i n  small gra ins  ( t h e  laminar 
na ture  shows up most c l e a r l y  with etching, which revea ls  small p l a t e s  of 
grayish-blue copper s u l f i d e  i n  blue chalcoci te)  ; (3) a dark b lue  i s o t r o p i c  
copper s u l f i d e  which forms t h i n  borders around the  bluish-white form o r  f i n e  
veins i n  bo rn i t e ;  (4) a pinkish-white copper s u l f i d e  which i s  weakly aniso-  
t r o p i c ,  develops toge ther  with t h e  bluish-white form, and is  extremely d i f f i -  
c u l t  t o  s epa ra t e  from t h i s  form. Lazarenko assumes t h a t  "these v a r i e t i e s  a r e  
ind iv idua l  mineral forms of the  chalcoci te  group, which has not  y e t  been 
s tudied  nea r ly  enough'' [ l o ,  page 1441. He gives a b r i e f  h i s t o r y  of  t h e  
s tud ie s  on minerals i n  t h e  cha lcoc i te  group and o f  the  views r e l a t i n g  t o  t h e  
ex is tence  i n  na ture  of n o t  only a rhombic, but  a cubic modification of  cha l -  
coc i t e  [ l o ,  pages 144-1461. I t  is pointed out i n  t h i s  connection t h a t  it 
was only t h e  impact of N. Buerger's experiments which brought about 
the  recogni t ion  of the  exis tence of copper s u l f i d e  with cubic  symmetry i n  the  
c r y s t a l  la t t ice .  P. Ramdohr [19] proposed the  name neodigenite f o r  t h i s  
modif icat ion i n  1943. 

H i s  opinion i s  t h a t  t h e r e  a r e  

[I41 

The n a t u r e  of cubic  cha lcoc i te  -- neodigenite,  o r  as it i s  now c a l l e d  
digenite, has been explained by N.V. Belov [ 2 ,  31. According t o  Belov, 
a def ic iency of ca t ions  (copper) i s  covered by conversion of  p a r t  of t he  copper 
ca t ions  from the  univa len t  t o  the  b iva len t  s t a t e .  
i n  t h e  composition of copper s u l f i d e s  i s  i l l u s t r a t e d  by the  Cu1+-Cu2+-S phase 
diagram (Fig.  1),  and a l s o  by Tables 1 and 2 .  

The r o l e  of b iva l en t  copper 

C .P .  Grigor'yev [7 ,  81 experimentally confirmed the  ex is tence  o f  cubic 
copper s u l f i d e  (d igeni te )  and pointed out t he  d iagnos t ic  c h a r a c t e r i s t i c s  of  
t h i s  mineral .  La ter  A.  G .  Betekhtin [SI expressed doubt as  t o  t h e  

2 
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Figure 1. Diagram of the  

Cul+-Cu -S System (accord- 
ing t o  E .N.  Yeliseyev) : 
Cu2S - -  chalcoc i te ;  CuS o r  

Cu2S'CuS2 -- c o v e l l i t e ;  

Culag6S -- d j u r l e i t e ;  

Cul . gS -- new form of 

2+ 

copper s u l f i d e .  

ca t ion  with formula Cu S ,  2-x 

r e l i a b i l i t y  of these c h a r a c t e r i s t i c s ,  and 
r e j ec t ed  arguments i n  support  of introducing the 
terms digeni te  and neodigeni te  i n t o  mineralogy. 

O f  the v a r i e t i e s  of cha lcoc i te  mentioned 
by Ye. K .  Lazarenko as found among t h e  p y r i t e s  
of  the Central Urals ,  t h e  dark b lue  i s o t r o p i c  
form belongs t o  t h e  d igen i t e  c l a s s .  
t h i s  conclusion, Ye. K .  Lazarenko gives da t a  
on chemical ana lys i s  of a number of specimens 
f o r  which computation from the  a n a l y t i c a l  r e s u l t s  
y ie lds  the formula Cui. &5-Cu1. 84S ( [ 10, 

pp. 146-1471, Tables 1 and 10) .  According t o  
Lazarenko, d igen i t e ,  as d i s t i n c t  from chalcoc i te ,  
i s  found exclusively i n  the  bo rn i t e  ores  of deep 
layers  i n  t h e  p y r i t i c  depos i t s  o f  the  Central  
Urals. In concluding h i s  survey o r  mineralogi- 
c a l  works on copper s u l f i d e s ,  he wr i tes :  "In 
view of the extremely inadequate study of mine- 
r a l s  of  the cha lcoc i te  group a t  the  present  time, 
perhaps both names should be r e t a ined  i n  minera- 
logy, chalcoci te  being understood t o  mean t h e  
ordinary rhombic modification corresponding t o  
t h e  s t r i c t  s to ich iometr ic  formula of Cu2S, while 

d igen i t e  is understood t o  mean t h e  cubic modifi- 
i n  which t h e  copper def ic iency i s  about 8% as com- 

To confirm 

pared with the  f irst  formulav1 [ l o ,  p.  1451. I 

Experimental Research on Synthesis o f  Copper S u l f i d e s  

In  1915, E. Posnjak, E.  Allen and H. Merwin[18] noted t h a t  t h e  com- 
pound Cu2S is  polymorphic. 

rhombic cha lcoc i te  i s  converted t o  t h e  cubic modification a t  91DC. In  conduct- 
ing experiments on synthes is  and high-temperature inves t iga t ion  o f  copper s u l -  
f i d e s ,  N .  Buerger noted [14] 
hexagonal modification a t  105OC. 
a compound with t h e  composition Cu 
G .  Donney, J .  D. Donney and G .  KullBrud showed t h a t  d igen i t e  has a 
lower c r y s t a l  l a t t i c e  symmetry and should be classed with t r i g o n a l  minerals.  
S. Djurlel  [16] questioned the accuracy o f  t he  phase diagram f o r  the 

According t o  t h e  da t a  given by these  authors ,  

t h a t  rhombic cha lcoc i te  i s  converted t o  the 
H e  es tabl ished the  ex is tence  of  d igen i t e ,  

I 

8S in  the cubic c r y s t a l  system. Later  
[15] 

S.  Djurle -- Swedish inves t iga to r  of  copper s u l f i d e s  [see Ref. 161. The cor- 
r e c t  pronunciation of t h i s  name is Yoor l ,  and t h e  mineral named a f t e r  him -- 

An i n i t i a l  rrD'l before the  l e t -  
t e r  
ttDjutt i s  pronounced l i k e  English "you" (e .g . ,  Ejup = Yoop). 
i n  t h e  name Djurle i s  not  pronounced. 
vey o f  new minerals (ZVMO, 1963, No. 5 ) ,  d j u r l e i t e  is inco r rec t ly  
t r a n s l i t e r a t e d  as d z h a r l e i t .  

S ,  d j u r l e i t e  - -  i s  pronounced yoor l i t e .  
"j" i n  the Swedish language i s  s i l e n t .  .96 

I 

The combination of l e t t e r s  
The f i n a l  "e" 

In E.M. Bonshtedt-Kupletskaya's sur -  

3 



TABLE 1. ELEMENTARY CELL PARAMETERS FOR COPPER SULFIDES ( I N  kX) 

Cubic ' 

Cubic ( ? )  or1 
t r i gon a 1 
fpseudocubi c: 

Minera l :  
type I 

Chal coci t e  I 

CUl s '  

~~ 

D j u r l e i  t e \  

cu l .96s i  

New com- 
pound Cu S 

A r t i f i c i a l  , 

modi f i ca t  i o n  
o f  d i g e n i t e  , 

1.8' D ju r l e )  CU 

1.9- 

I 
( f rom S. I 

D igen i te  
I 

cu i . 8s i  

Crysta l  
S Y S  tern 

Cub i c 

- 

Hexagona 1 

Rhombi c 

Cubic 1 
Tetragonal 

Low ( ? )  1 
Hexagonal 1 

Cubic] 

Cubic I 

0 

I C  
m a- 1 
LWI 
a 1  
aal 
E' 
a=J 
I- 4 - 1  

5m 
465 

460 
300 
152 

20 

500 

20 

20 

20 

0 

- 

- 

- 

- 
500 
300 

152 
60 

20. 

20 

20 

Elementary c e l l  parameters ' - - - . . _. _I--- .-I - - ._ - L_ __- 
I I 

I-- i A  

5,565 I - I - -  
(depending on composition w i t h  
a s u l f u r  content o f  35-37 a t .%)  
uc,,=16,16; 0==13"56' ( t r i g o n a l  c e l  1 ) (  

(5*54x5) (Pseudocub i c ce 1 1 ) 

Note: The d a t a  f o r  high-temperature modifications are taken from S. Djurle 
[16]; d a t a  on n a t u r a l  digeni te  a re  taken from G. Donney, J . D .  Donney and 

G. Kullerud [15]. 
[9]; t h e  elementary ce l l  parameters f o r  t h i s  compound were determined by 
E.N. Yeliseyev (ao from re f l ec t ions  2240, 5050, 5160and 4370, and co a f te r  

computing a 

The new hexagonal form was first  mentioned i n  1960 

from r e f l e c t i o n s  2137, 1128, 4158 and 2249) .  0 , 
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Cu S-CuS system, published i n  1941 by N .  Buerger, and c r i t i c i z e d  Buerger f o r  

h i s  method of sample preparat ion.  ( N .  Bureger had pressed cha lcoc i te  and CuS 
powders and placed them i n  an open g lass  tube  where they were heated t o  a 
temperature o f  t h e  order  of  llO°C f o r  at l e a s t  1 2  hours; t h i s  i s  an unsa t i s -  
f ac to ry  method f o r  t r e a t i n g  t h e  specimens, and Buerger himself  came t o  t h e  con- 
c lus ion  t h a t  cha lcoc i te  begins t o  change t o  d igen i t e  when heated i n  d i r e c t  
contact  with a i r ) .  
lishment of  a previous ly  unknown va r i e ty  o f  cha lcoc i te  -- C U ~ . ~ ~ S .  

the  Cu2S-CuS system l i e s  i n  the  discovery of  an extensive region of  homogeneity 
of  h ighly  symhetric modifications of copper s u l f i d e s  a t  high temperatures.  

2 

Another r e s u l t  o f  S. Djur le ' s  experiments was the  es tab-  
The g r e a t e s t  

r C  discrepancy between Djurle 's r e s u l t s  and those o f  previous inves t iga to r s  of  

TABLE 2 .  RESULTS OF CHEMICAL ANALYSIS OF "ARTIFICIAL" 
CONVERTER MATTES HARDENED AT VARIOUS TEMPERATURES 

-I-- 

&-- ._ 

Cu I 66,46 
- KI 

' Fc - 
' - c o  - 

S ! 33,54 
. \ J  100% 

__ -_ . I I Cu,S -- Monchegorsk 1 I -1 P 
"a ' r t i f i c i a l ' '  samples I 

c"1.8s 1cul*~2sl of  N . I . Sol  ovov I/ "3' 1 cul.96s , 
' 

UY. . . I 
' Theore t i ca 1 Theore t i cal 1 GOO% 1 700°C I 8GO"C I 1 compos on compos t i  on 

79 Y52 

,- -_-- 

2 0 ~ 4 8  
100% I 

I 

-- 1 2  3 

- - 3.61 1,OO 0,;; 1 0,62 1,71 

- - 0.13 O,? 0.26 0.31 023 

- - 0,63 0,57 0.60 1 0.M 0.63 
I 

Note: Crystallochemical formulas of the  copper s u l f i d e s :  specimen 1 -- 
1+ 2+ S:Cu 2 c o v e l l i t e  Cu 

cu1.6 0.2 

S2 o r  C S ;  specimen 2 -- d igen i t e  (cubic cha lcoc i te )  
1+ cu2+ S or CugSs; specimen 3 -- new '!hexagonal copper su l f ide"  

1+ Cui. 84bi:08S o r  C U ~ . ~ S ~ ;  specimen 9 -- cha lcoc i t e  (rhombic copper su l f ide )  

Cu:loS or CulOSs; specimen 10 -- d j u r l e i t e  (" te t ragonal  chalcocite") 
~ - - 

. Chemical analysis  of t h e  converter  mattes was done a t  1+ 2+ 

t h e  chemical labora tory  i n  t h e  p l an t  lab shop o f  the  "Severonikel"'. 
under the  d i r e c t i o n  o f  S .  Ye. Kreymer. 

cui. 92cu0. 04' Or cu9. 8'5 I Combine 
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The region of homogeneity f o r  Cu S is now represented e n t i r e l y  1.8 
d i f f e r e n t l y .  N. Buerger's phase diagram [14] (Fig.  2 )  shows the  ex is tence  
of  d igen i t e  with t h e  i d e a l  formula CugS5 (Cu 
s ide rab le  s o l u b i l i t y  of Cu2S o r  CuS i n  d igeni te  i s  observed below t h i s  tempera- 

t u r e .  

where the  system is  open t o  admit oxygen. 
mater ia l  can change only during contact  with a i r .  This e f f e c t  is no t  observed 
when e i t h e r  cha lcoc i te  Cu2S o r  d igeni te  Cu 

S.  Djurle showed t h a t  the  composition of  t h e  copper s u l f i d e s  remains cons t an t ,  
and t h a t  only t h e i r  c r y s t a l  s t r u c t u r e  i s  d i s rupted .  Djurle  e s t ab l i shed  t h e  
presence of t h r e e  polymorphic s t a t e s  f o r  each o f  the  copper s u l f i d e s  i n  the  
Cu2S-Cu 

new cubic  compound; C U ~ . ~ ~ S - I I  - -  t e t ragonal  compound a t  room temperature;  

C U ~ . ~ ~ S - I I I  -- compound of low symmetry ( c r y s t a l  system not e s t ab l i shed) .  

A l l  t h r ee  modifications of  CulS8S ( I ,  I1 and 111) d i f f e r  from one another  only 

i n  the  dimensions of t he  c e l l  ( a l l  th ree  belong t o  the  cubic c r y s t a l  system). 

S) below 78*C, whereas con- 1.8 

These phase r a t i o s  i n  the  Cu s-CuS phase system e x i s t  only i n  cases 2 
The composition o f  t he  i n i t i a l  

S i s  heated i n  sea led  tubes.  P L  

1 . 8  

& 

S system, uiz (Table 1 ) :  Cu S- I  - -  face-centered cubic  c e l l ;  1.8 2 
Cu2S-I1 -- hexagonal cha lcoc i te ;  Cu2S-III - -  rhombic cha lcoc i te ;  CUl.  96s-I -- 

'C S. Djurle [16] gave d a t a  on ~ 

the  elementary c e l l  parameters o f  most 
of t h e  polymorphic modif icat ions of the  
three  v a r i e t i e s  o f  l l cha lcoc i te f l  which 
he mentions (see Table 1 ) .  D ju r l e ' s  
r e s u l t s  give a c l e a r  d e f i n i t i o n  o f  t he  
boundaries o f  homogeneity f o r  t h e  cubic 
phases o f  copper s u l f i d e s ,  and f i n a l l y  
s e t t l e  t h e  i s sue  o f  t he  "chalcoci te"  
and "digenite" problems which had been 
of  concern t o  mineralogis ts  u n t i l  com- 
para t ive ly  recent ly .  Digenite and i t s  

1. 8'-' ' polymorphic modif icat ions a r e  Cu 

Cul . 8S-II and Cul, 8S-I I I .  

I 
I 

c o v e l l i t e  

too 
80 

chal coci t e  

llCubic 
cuzs cuss, 

(CU 1 . 8 9  

Figure 2 .  Phase Diagram o f  
the  Cu2S-Cus System (accord- 

ing  t o  Buerger, [14]).  

chalcoci te"  i s  a c t u a l l y  not  d i g e n i t e ,  
but  r a t h e r  a na tu ra l  o r  s y n t h e t i c  
cha lcoc i te  which has been converted t o  
a high-temperature polymorphic modifi- 
ca t ion  - -  Cu2S-I ( i . e .  , cha lcoc i t e  

heated i n  sea led  evacuated tubes t o  
temperatures exceeding 465°C) . 
l i shed  t h e  ex is tence  of a moderate-temperature polymorphic modif icat ion of 

A t  temperatures of  152-460°C I Djurle estab- 

6 



chalcoc i te  (Cu S-11) -- a hexagonal modification which is  converted upon 

cooling t o  t h e  rhombic Cu2S-III. 

t he  v a r i a t i o n  i n  the  elementary c e l l  parameter o f  cubic modif icat ions o f  

(with respec t  t o  atmospheric oxygen). 
the  phase diagrams o f  t he  C U ~ S - C U ~ . ~ S  system under open condi t ions ( see  

Figure 2) and under closed physicochemical condi t ions ( see  Figure 3 ) .  

2 
Shown i n  Figure 3 a re  S. Djur le ' s  d a t a  f o r  

/ 390 various copper s u l f i d e s .  These data  were obtained under closed condi t ions - 
There a re  obvious d i f fe rences  between 

t L  
The r e s u l t s  of S. Djurle's x-ray analysis  o f  copper s u l f i d e s  [16] 

s e t t l e  once and f o r  a l l  t he  doubts concerning the  a d v i s a b i l i t y  of in t roducing  
i n t o  mineralogy not only the  term "digenite", but a l s o  a new name f o r  t he  

E . H .  Roseboom, with the  agreement of  N .  Morimoto, who discovered the  mineral 
with t h i s  composition i n  na tu re  a t  t h e  same time (see  t h e  re ference  t o  
N .  Morimoto's work i n  Reference [20] by E.H.  Roseboom), c a l l e d  the  n a t u r a l  
modification of Cu S-I11 "d jur le i te" .  1.96 

compound C U ~ . ~ ~ S ,  which i s  intermediate  between cha lcoc i te  and d i g e n i t e .  

In  s tudying the  phase composition of cooled copper-nickel converter  mattes , 
E .  N .  Yeliseyev [9] discovered another phase intermediate  between 
cha lcoc i te  and d igen i t e ,  namely Cu S with hexagonal c r y s t a l  l a t t i ce  1 symmetry. 
elementary c e l l  parameters and powder pa t t e rn  parameters of t he  new hexagonal 
copper s u l f i d e  phase i n  t h e  Cu S-Cu 

Data a r e  given in  Tables '?,  2 and 3 on t h e  chemical composition, 

S system. 2 1 . 8  

Synthesis of  Copper Sul f ides  

In  1961, i n  t h e  copper pyrometallurgy laboratory of the  experimental 
research shop at the  Nor i l ' sk  Mining and Metallurgy Combine, E .  N .  Yeliseyev 
and L .  Ye. Rudenko, under t h e  d i rec t ion  o f  L .  A .  Sinev, produced melts o f  
pure copper s u l f i d e  i n  an a i r  atmosphere. 
roas ted  beneath a l a y e r  o f  ac t iva t ed  charcoal t o  reduce the  copper, which 
was p a r t i a l l y  oxidized t o  the  b iva len t  s t a t e  during melting i n  atmospheric 
oxygen. Af t e r  p ro t r ac t ed  annealing beneath t h e  a c t i v a t e d  charcoal l aye r ,  
t he  copper s u l f i d e  was cooled and hardened. 

The copper s u l f i d e  was slowly 

The i n i t i a l  copper s u l f i d e  was produced by d i r e c t  fusion o f  e l e c t r o -  
l y t i c  copper and s t i c k s  of elemental su l fur ;  the  s t i c k  s u l f u r  was immersed 
i n  t h e  molten copper with an excess o f  s u l f u r  over the  t h e o r e t i c a l  r a t i o  
for t h e  formula of copper s u l f i d e  Cu2S, s ince  near ly  70% of the  s u l f u r  was 

burned up during the  melting process .  
mental s u l f u r  had burned ou t ,  i . e . ,  u n t i l  t he  greenish flame (burning s u l f u r )  
above the  c ruc ib l e  disappeared and t h e  odor o f  burn t  s u l f u r  had subsided.  
The c ruc ib l e  containing the  copper s u l f i d e  was then cooled and hardened 
beneath a j e t  o f  cold water. 

Melting was continued u n t i l  t he  e l e -  
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TABLE 3 .  DATA OF COPPER SULFIDE POWDER PATTERNS 

----_------. .--.- - _..^. 
Chal coci t e  subjected t o  pro- 
t rac ted  anneal ing and quench- 
ing a t  var ious temperatures 

. _  - -  
I 3.333 

U.273 

- -  
- -  
- -  
- -  

2 2,816 I 
I 

- -  
_ -  
_ -  
512.396 
7 2,305 

- -- 
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TABLE 3 .  
( Continued) 

Natura 1 
chal coci te r 

> -- 

datura1 
jjurle- 
i e  
CLI , .n,s -_- 
- 
I 

1 
1 
2 
2 
S 
1 

3 
3 
2 
3 
3 

- 

- 
- 
(i: 
1 

0.5 

1 

1 
0.5 

1 
0,s 

1 
0,s 
9 
- 

4 5  
- 
- 
0,: 
0,: 

1 
0, : - 
I 

9 

19 

0 

f a f a  

1,28 
3,&9 
1.752 
3.5% 
j.&% 
3.?3 

3,282 
3,192 
3,100 
3.04 
3.01 

- 
I- 

- 
- 
2,69 
2.67 
2.62 ' 

2,7$ 

2.69 
2.654 
2,505 
2,557 
2,514 
2.377 
9;1 I 
2.337 
- 
2,269 
-- 
- 
2.142 
2,107 
2,069 
2,047 - 
- 

1,964 

1,957 

--. ~ .-I-- 

-.- 
I 

rEak 

nod. 
real 
nod. 

seak 

- 

I 1  
II 

I 1  
1 1  

I 1  

1 1  

I t  

11 
1 1  

I 1  

I 1  

. 1 1  

I 1  

1 1  
1 1  

I I  

1 1  

1 1  

I !  

s tr 
weal 

I 1  

- 
- 

wed 
I 1  

1 1  

I 1  - 
L ._ 

mod 
mod 

2,789 1 7 12.78 
2,691 
2,655 
2.60 1 
2,S6 1 
2,5 19 
2,477 
2,4 i 7 

9 12.74 
5 19.66 

13 12.59 
13 I2.X 
9 2.51 
7 2.47 
5 ,2.41 

Chal coci te 
-- 

?.73 
2.67 
2.58 
2,s 

2.47 
2/10 

-_ 

- 
2.51 

2.22 

2.1 4 

- 

-- 

- 
- 

2.06 - 
- 

1.93 
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TABLE 3. 
(Continued) 

7 

Idajn 

-- 

, 

I I 
1,873 

- -  
- -  
1.765 
- 7  

1.697 

- -  
1.617 

2 

6 ’ 

4 

- 

2 

- 
daln 

- -  
- 
- 

1,399 

~- -- 

hkil  I daln 

‘& 9 11,88 
l 3  I 

,5052 
- - 1 -  

- 

5160 3 1,76! 

,2137 
‘5162 8 1,7u 

I 

1 
7 
- 

4 

1,234 

1,195 - 

Note: Columns 1-11 give the r e s u l t s  o f  x-ray ana lys i s  
p e r  s u l f i d e s  fo r  which t h e  r e s u l t s  o f  chemical ana lys i s  a r e  
The specimens are: 1 - - cove l l i t e  according t o  V.I. Mikheyev 

- 

- 

- -  
- -  
- -  

of t h e  various cop- 
given i n  Table 2 .  
[ll] ; 2--arti-  
(unnamed) ; f i c i a l  d i g e n i t e  (new da ta)  ; 3--new hexagonal copper s u l f i d e  

4-8--sulf ide melt which i n  the  i n i t i a l  s ta te  had t h e  same r a t i o  o f  copper t o  
s u l f u r  as i n  chalcoci te  and was quenched a f t e r  p ro t r ac t ed  annealing a t  various 
temperatures:  
100°C (a l l  specimens were cooled simultaneously with successive quenching of 
t he  copper su l f ides  as t h e  temperatures indicated above were reached; t h e  last  
specimen, which was cooled t o  100°C, was taken out of t he  furnace a f t e r  f i v e  

8--at 800°C, 7--at 7OO0C,  6--at  600°C, 5--at  2OO0C and 4 - -a t  
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TABLE 3 .  
(Continued] 

0.12.4; 
2.12.2 
-36 086 

- 2  
- -  

10 

I 
14 
I - 
I 

-- I - 
- 1 -  

- l -  
- 1 -  

! 

- 
t a / n  

I ,89 

I ,85 
- 
-_ 

I ,72 

- 

- 

- 

1,593 

1,545 

1,484 
1,414 

1.371 

1 

1.29: 

- 

- 
- 

1,lX 

1,091 

- 
- 
- 

- 

0 

ialn 

' 1  I 
I I- 

I 13 I 14 
.- - 

,870 - - 

- _- - 
- -  - 

t.787 - ._\  999 
- -  - 

1,695 - - 

1,645 113 5.5-15 

_ -  - 

1,588 - - 

1,514 - - 

1,471 - - 

- 004 0.0-20 

1,351 - 1.2.21 

__ - 

- -  -. 

1,278 - - I -  
- 1  - 

- -  

1,119 224 I O .  10.2 

- -  

- 1 - 1  - 

- -  

days) ; 9--natural  cha lcoc i te  according t o  V . I .  Mikheyev 
d j u r l e i t e  according t o  E . A .  Roseboom [20] ; 11 --ar t i f ic ia l  compound 
Cu S-111, synthesized for t he  f i rs t  time by S. Djurle [16]; l2--natu- 
rai  '8:urleite according t o  N.  Morimoto [20] ; 13--chalcocite from Mexico 
according t o  L . G .  Beirry and R . M .  Thompson [21]  [ s i c ] ;  14--digenite from 
the  Leonard Mine i n  Butte,  Montana according t o  N.W. Buerger [14]. 
hkl ind ices  a re  given f o r  d igeni te  f o r  the cubic ce l l  computed by W .  Kurz 
[17] ,  and a l s o  t h e  h ' k ' l '  ind ices  fo r  the rhombohedral ce l l  according t o  
G. Donney, J. D. Donney and G .  Kullerud [15]. 

[ l l ]  ; 10--natural 

The 
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Data on t h e  chemical composition of  copper s u l f i d e s  a r e  given i n  Table 2 ,  
and the  r e s u l t s  o f  x-ray ana lys i s  of various copper s u l f i d e s  a r e  given i n  
Table 3.  
i ng  t h e  mineral composition of  s u l f i d e  ores ,  and a l s o  t h e  phase composition 
o f  products o f  meta l lurg ica l  reduct ion of copper and copper-nickel s u l f i d e  
o re s .  

The d a t a  given i n  Table 3 may be used as  s tandard  d a t a  f o r  deciper-  

Rapid cool ing and quenching 
produces Cui. 923 s (SP. 3) 

Data a r e  given i n  Table 2 on t h e  empirical  concentrat ion of copper i n  the  
var ious mineral types o f  t he  Cu S-Cu S sytem. A d i s t i n c t i v e  f ea tu re  of  cop- 
p e r  s u l f i d e s  i s  the  de fec t ive  nature'd! the  c r y s t a l  s t r u c t u r e s  of t hese  mine- 
rals. Vacancies appear a t  the  copper l a t t i c e  s i t e s  i n  the  s t r u c t u r e  of these  
minerals under the  e f f e c t  o f  p a r t i a l  copper oxidat ion (under t h e  e f f e c t  of 
conversion of some of t he  copper cat ions from t h e  univa len t  t o  the  b iva len t  
s t a t e ) .  The crystal lochemical  formulas of copper s u l f i d e s  of various composi- 
t i o n  take account of t he  presence of  b iva l en t  copper i n  these  minerals ( see  
note  t o  Table 2 ) .  

2 

c 

Slow cooling produces 

cui. 816' and cui. 804' 

Copper s u l f i d e  Cu S produced by direct  fusion o f  copper and s u l f u r  1 .8  
(Table 3,  specimen 2) was divided i n t o  three  p a r t s ,  pulver ized and remelted i n  
th ree  c ruc ib l e s  i n  an e l e c t r i c  furnace fo r  two hours a t  llOO°C under a l aye r  
of a c t i v a t e d  charcoal ( t o  prevent oxidat ion o f  the copper). Then one of t h e  
c ruc ib l e s  was quickly cooled (quenched) under a j e t  of water while the  two 
o the r s  were cooled over a per iod of 15 hours. 
men was broken up and remelted again a t  llOO°C ( in  t h i s  case the  compound 
Cu S was produced with te t ragonal  c rys t a l  l a t t i c e  symmetry), and was then 
slb12?$ annealed over a per iod of two days a t  900°C under a l a y e r  o f  ac t iva t ed  
charcoal (here  hexagonal copper s u l f i d e  Cul .914 S was produced). Thus copper 

s u l f i d e s  ~ were synthesized according t o  the following shceme: 

Pa r t  of the  slowly cooled spec i -  

~ 

Note: The numbers of  t h e  specimens a r e  the  same as i n  Tables 2 and 3 .  
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Copper S u l  f i des  i n  Copper-Nickel Converter Mattes 

In  1957-1958, E .  N .  Yeliseyev and N . '  I .  Solovov used r-meter ana lys i s  
f o r  s tudying t h e  phase composition o f  " a r t i f i c i a l "  converter  mat tes .  
found during t h i s  research t h a t  i f  the  su l f ide  melts a r e  not  kept a i r t i g h t  
during slow cool ing,  t h e r e  is an increase i n  t h e  ingrowths of o t h e r  phases i n  
addi t ion  t o  Cu2S -- CulS9S and CulS8S. Thus even when extremely l imi t ed  quan- 

t i t i e s  of  atmospheric oxygen a re  present,  t h e  amount t h a t  can seep through the  
f i r e c l a y  l i n e a r ,  nonequilibrium conditions a r e  brought about f o r  the  ex is tence  

gonal copper s u l f i d e  - -  C U ~ . ~ S ,  and then t o  d igen i t e  -- CulS8S (Fig.  4). 

during t r a n s i t i o n  of p a r t  of the  copper from the  univa len t  t o  t h e  b iva len t  
s t a t e ,  which ind ica t e s  copper oxidation) t o  te t ragonal  copper s u l f i d e  Cu 

d j u r l e i t e ,  and then t o  Cu 

d i t i o n s  the  valency s t a t e  o f  the copper changes, r e s u l t i n g  i n  the  appearance 
of d e f i c i e n t  compounds with an i r r a t i o n a l  r a t i o  o f  copper t o  s u l f u r .  

I t  was 

- of cha lcoc i te  (cu2S), and as a r e s u l t  t h i s  mineral i s  converted f i r s t  t o  hexa- 

? According t o  new da ta ,  cha lcoc i te  i s  f i rs t  converted during "oxidation" ( i . e . ,  

1.96'-- 
S and l a t e r  t o  CulS8S. Thus under oxida t ive  con- 1 .9  

Specimens 4-8 ( see  Tables 2 and 3) were prepared as follows. Five i d e n t i -  
ca l  p a r t s  o f  i n i t i a l  copper s u l f i d e ,  a f t e r  c r y s t a l l i z a t i o n  o f  t he  s o l i d  
phases, were slowly cooled t o  temperatures o f  800 (sp.  8), 700 (sp.  7 ) ,  600 
(sp.  6 ) ,  200 (sp.  5) and 100°C (sp.  4 ) ,  and quenched a t  t h i s  temperature. The 
r e s u l t s  of  chemical ana lys i s  of the  t lart if icial" converter  mattes (specimens 
4-8) quenched at various temperatures are shown i n  Table 2 ,  and t h e  x-ray 
c h a r a c t e r i s t i c s  o f  these  same samples are given i n  Table 3. For comparison, 
Tables 2 and 3 a l s o  contain da t a  f o r  Covel l i te ,  d igen i t e  and a new copper 
s u l f i d e  Cu S, as well  as f o r  chalcoci te  and d j u r l e i t e .  Given i n  Table 4 
a r e  da t a  o!i.%he elementary c e l l  parameters f o r  t he  cubic modification of cop- 
p e r  s u l f i d e  synthesized a t  var ious temperatures from an i n i t i a l  specimen of  

undergoes thermal expansion i n  t h e  200-300°C range with an average c o e f f i c i e n t  
of l i n e a r  expansion o f  0.000053 kX/OC a t  t h e  edge of  t he  elementary c e l l .  

composition Cu 2 S.  These da t a  show t h a t  high-temperature l t cha lcoc i t e f t  cCu1- 8') 

Signi f icance  of Data on the Presence o f  Polymorphic Modifications i n  Explaining 
t h e  Physicochemical Conditions of Mineral Formation 

The presence of a low-temperature o r  high-temperature modif icat ion of cop- 
p e r  s u l f i d e s  i n  o re s  may be used as a basis  f o r  i n d i r e c t  determination of the  

examination of t h e  cha lcoc i te - r ich  o r e  from Klinnecott  (Alaska) revealed t h a t  
gra ins  o f  Itcubic chalcoci te"  a re  surrounded by borders  cons i s t ing  of  rhombic 
cha lcoc i t e .  The presence of  both phases has  been confirmed by x-ray ana lys i s  
of t hese  specimens [ I l l .  

condi t ions under which t h e  ores  were formed. For ins tance ,  a microscopic /397 
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( X  i n  the formula c u  

Figure 3 .  Changes i n  the  Para- 
meter a0 o f  Cubic Compounds 

ciency o f  t h e  Elementary Cell  
(x) (according t o  S. Djur le ' s  
da t a  [16]) .  

s) 2 'X 

S as a Function of the  Defi- cu2 -x 

Figure 4 .  Composition o f  
Art i f ic ia l  Copper Su l f ide  
as a Function of Quenching 
Temperature. Cooling from 
llOO°C t o  200 and 2OoC over 
a per iod  o f  f i v e  days. 

TABLE 4. DIMENSIONS OF THE ELEMENTARY CELL OF THE CUBIC SULFIDE 
S AS A FUNCTION OF TEMPERATURE 

' cu1.8 

-- - 
Temperature i n  "c 

-- 
20 

20 

170 
. *  

After  quench- 
i n g  a t  200 

' After quench-' 
i n g  a t  600 
After  quench- 
i n g  a t  700 
After  quench- 

' i n g  a t  800 

Author,  

Betman and 
'Lask i  fRef.61 
Kurz [Ref. 171 

G . B .  B o k i y  
[Ref. 41 I 

E . N .  Ye1 iseyev 
E N . I .  Solovov 
(new da ta)  

-- - I_--_ - .__ 

b 

Depos i t , 

Arizona 

? 

? 

-- - 

From , 
a1 l o p  

. 
I 

I .  

5.588 

5,5!ni ' 

5.595 

5,620 

Note : The l l a r t i f i c i a l ' l  converter  mattes used f o r  determining t h e  elemen- 
tary c e l l  dimensions o f  t h e  cubic phase Cul.8S were produced under the  d i r ec -  

t i o n  of  B.L.  Koshurnikov i n  the  experimental research shop o f  the  l1Severonikelp1' 
Combine . 
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Under experimental condi t ions ,  Cu S is  a much more s t a b l e  compound than,  
say,  c o v e l l i t e  CuS. 
cha lcoc i te  i s  cons tan t ly  present  among the converter  mattes.  However, i n  s p i t e  
of the  considerable volume of research work which has  been done by physical  
chemists and me ta l lu rg i s t s ,  t he re  a re  no d a t a  i n  t h e  l i t e r a t u r e  on the  presence 
o f  any given modifications of  copper s u l f i d e s  i n  t h e  products of meta l lurg ica l  
reduct ion o f  copper-nickel s u l f i d e  o re s .  
l i shed  the  presence o f  a l l  modifications o f  copper s u l f i d e s  i n  a r t i f i c i a l l y  
prepared converter  mattes c r y s t a l l i z e d  in  loose ly  s e a l e d  small c ruc ib les  
(150-100 cm3). 
(rhombic Cu2S, te t ragonal  o r  pseudotetragonal Cu S ,  hexagonal Cu S and 

cubic  Cu S) i nd ica t e s  absence o f  equilibrium during s o l i d i f i c a t i o n  o f  t he  
sulf ides!  '8A rap id  change i n  temperature facil i tates preservat ion o f  nonequi- 
l ib r iwn modifications o f  copper s u l f i d e s .  
o f  equi l ibr ium during cool ing of copper s u l f i d e s  i s  played by atmospheric 
oxygen which, i n  contact ing t h e  copper, f a c i l i t a t e s  conversion of t h e  element 
t o  the  b iva len t  s t a t e  ( s u l f u r  a l s o  f a c i l i t a t e s  oxidat ion o f  copper i n  s u l -  
f i d e s ) .  
za t ion  o f  copper s u l f i d e s  a re  convincingly pointed up by observing a suspen- 
s ion  c lose  i n  composition t o  Cu S melted i n  a reducing atmosphere at 12OO0C 
i n  small c ruc ib les  ( sea led  with a ceramic plug and coated with a t h i c k  l a y e r  
o f  f i r e c l a y  cement). Equilibrium was not achieved i n  t h e  C U ~ S - C U ~ . ~ S  system 

under these  experimental condi t ions w i t h  slow cool ing over a per iod  o f  f i v e  
days. 

During smelting o$ s u l f i d e  copper-nickel o r e s ,  a r t i f i c i a l  

For t h e  f irst  time, we have es tab-  

The presence o f  s eve ra l  modif icat ions o f  copper s u l f i d e  

1.96 1.9 

An important p a r t  i n  the  d is rupt ion  

The tremendous d i f f i c u l t i e s  i n  a t t a i n i n g  equi l ibr ium during c r y s t a l l i  - 

2 

Nei ther  have equi l ibr ium conditions been achieved during the  formation of 
copper s u l f i d e s  i n  na ture .  
i n  t h e  Klinnecot t  ores  i n  Alaska) are evidence of changes i n  t h e  oxidat ion-  
reduct ion conditions during formation of copper s u l f i d e  ores .  For ins tance  
t h e  growth of cha lcoc i te  borders around d igen i t e  i nd ica t e s  an increase  i n  
reduct ion condi t ions (po ten t i a l )  before the  copper s u l f i d e s  are f i n a l l y  formed, 
with t h e  r e s u l t  t h a t  a l l  the  copper was already i n  t h e  univa len t  s t a t e  when 
t h e  copper s u l f i d e s  had f i n a l l y  c r y s t a l l i z e d  (whereas some o f  the  copper ions 
must be i n  t h e  b iva len t  s t a t e  f o r  t h e  formation o f  d igen i t e ) .  

Borders o f  some copper s u l f i d e s  around o thers  (as 

The co r rec t  diagnosis  o f  polymorphic modifications and v a r i e t i e s  of copper 
s u l f i d e s  i n  na tu ra l  formations,  as well as  i n  t h e  products o f  meta l lurg ica l  
reduct ion of ores ,  as shown above, may be o f  valuable  a s s i s t ance  i n  explaining 
the  physicochemical condi t ions of c r y s t a l l i z a t i o n  o f  these  minerals and chemi- 
c a l  compounds. 

Regions of  Homogeneity of I n d i v i d u a l  Phases i n  t h e  Cu2S-Cu, -8s  System 

I t  has  been e s t ab l i shed  t h a t  t h i s  system contains  four  mineral types which 
a r e  s t a b l e  a t  ordinary (about 20°C) temperatures ( see  Table 1): 

1. 
cha lcoc i t e .  

A s o l i d  so lu t ion  which i s  s t a b l e  between Cu2S and Cu1.98S -- 
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2 .  A s o l i d  so lu t ion  which i s  s t a b l e  between Cu S and Cu1.97S -- 1.95 d j u r l e i t e .  

3 .  A s o l i d  so lu t ion  of  composition Cu .g2S-Cu S -- a new hexagonal 1 .9  
copper s u l f i d e  first mentioned by E. N .  Yeliseyev [9] .  

4 .  Cubic o r  pseudocubic Cu S -- d igen i t e .  

In  c losed physicochemical systems ( i n  sea led  tubes without access t o  a i r )  

1.8 

L each of  t h e  copper s u l f i d e s  goes through polymorphic t ransformations during 
hea t ing  - -  modifications with higher  symmetry a re  s t a b l e  at h ighe r  tempera- 
t u r e s  (Table 1 ) .  . 

Copper i s  p a r t i a l l y  oxidized during hea t ing  under open physicochemical 
condi t ions (some of the  copper ions become b iva len t  i n  s u l f i d e s )  even when 
the re  i s  only a s l i g h t  i n f l u x  of atmospheric oxygen. 
t h e  "copper:su1fur1' r a t i o  changes (Fig.  4) i n  the  copper s u l f i d e ,  although 
the  sum o f  the  valences of  the  ca t ions  and anions i n  these  s u l f i d e s  remains 
t h e  same. The concentration of b iva l en t  copper increases  i n  proport ion t o  
t h e  number o f  defec ts  i n  the  s t r u c t u r e  of copper s u l f i d e s  (Cu2 xS),  s o  t h a t  

t he  general  formula f o r  a l l  copper su l f ides  i s  of  the  form: 

Cu Cu S. Under oxidat ive conditions,  cha lcoc i te  gives r i s e  t o  more "sul-  

furous" copper s u l f i d e s  ( d j u r l e i t e ,  hexagonal s u l f i d e  o r  d igen i t e )  depending 
on the  ox ida t ive  p o t e n t i a l  of the medium i n  which the  cha lcoc i te  is  heated 
o r  slowly cooled. With the  formation o f  more vlsulfurousll  s u l f i d e s  from chal-  
c o c i t e ,  some of  the  copper is excess and p r e c i p i t a t e s  i n  t h e  form of a metal- 
l i c  phase as segregat ions i n  the  su l f ides .  
s eve ra l  copper s u l f i d e s  i n  ores  o r  products of meta l lurg ica l  conversion o f  
o re s  i s  convincing proof of nonequilibrium conditions during formation. 

Under t h e s e  condi t ions,  

- 

1+ 2+ 
2-y 0.5y 

The simultaneous presence o f  

T h e  Par t  Played by t h e  Redox Potent ia l  i n  Formation o f  a Given Copper Sul f ide  
C U p x S  

Under oxidat ive condi t ions,  t h e  univalent copper i n  copper s u l f i d e s  i s  
converted t o  the  b iva len t  s t a t e :  

&l+ - 2+ -e = Cu . 
Experiments with hea t ing  o f  copper s u l f i d e s  i n  sea led  ampules away from 

atmospheric oxygen [16] show t h a t  the copper r a t i o  f o r  the  d i f f e r e n t  
valence s t a t e s  remains constant ,  even a t  temperatures up t o  500°C. 
hea t ing  under these condi t ions,  t he  low-temperature modifications of copper 
s u l f i d e s  a r e  converted t o  the  high-temperature forms. Experiments with hea t -  
ing of  t h e s e  same copper s u l f i d e s  i n  the presence of even small q u a n t i t i e s  
of a i r  show completely d i f f e r e n t  r e s u l t s  (see the  experiments descr ibed above 
with slow cooling o f  su l f ides  i n  small c ruc ib les  sea led  with a ceramic plug 
and coated with f i r e c l a y  cement). 
t u r e s  above 78'C described by N. V. Buerger [14]  was used as t h e  b a s i s  

During 

The decomposition of d igen i t e  a t  tempera- 
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f o r  p l o t t i n g  t h e  phase diagram of the  Cu S-CuS system (Fig.  2) .  This 
decomposition i s  not  observed i n  sea l ed  k b e s  (Fig. 3 ) .  
follows t h a t  atmospheric oxygen is t h e  pr inc ipa l  agent responsible  f o r  oxi-  
dat ion of  copper i n  reac t ions  with copper s u l f i d e s  during hea t ing .  The forma- 
t i o n  of d j u r l e i t e  from chalcoc i te  during hea t ing  may be  descr ibed as follows: 

Hence it c l e a r l y  

Dju r l e i t e  and hexagonal copper su l f ide  ( C U ~ . ~ S )  may be encountered as an 

intermediate  zone a t  contact  between digeni te  and cha lcoc i te .  

On t h e  Systematics of Copper Sul f ides  i n  the Cu,S-Cu, ,S System 

The crystal s t r u c t u r e  of  a l l  copper su l f ides  descr ibed above is  based on 
extremely dense packing of  s u l f u r  anions which is  d i s t o r t e d  by s t r u c t u r a l  
defec ts  (vacant copper s i t e s )  and by subs t i t u t ion  of  b i v a l e n t  copper f o r  the  
univalent  form. 

The comparatively easy t r a n s i t i o n  from one mineral form o f  copper s u l f i d e s  
t o  another  (see f o r  ins tance  F i g .  4) during hea t ing  under open physicochemical 
condi t ions is explained by the  f a c t  t h a t  t he  b a s i c  motifs of  the  c r y s t a l  
s t r u c t u r e  a re  maintained when the  l a t t i c e  symmetry i n  these  copper s u l f i d e s  
changes (Cu2S -- rhombic; CulSg6S -- te t ragonal ;  CulS9S -- hexagonal; CulS8S - -  
cubic c r y ~  t a l  system). 

During heat ing o r  formation of  na tura l  s u l f i d e s  i n  open physicochemical 
systems, t h e  q u a n t i t a t i v e  r a t i o  between copper and s u l f u r  changes with a va r i a -  
t i o n  i n  t h e  valence s t a t e  of copper. However, with t h e  converstion o r  t r a n s -  
formation o f  one mineral form of copper s u l f i d e s  t o  another ,  t he  c r y s t a l  
s t r u c t u r e  is  inhe r i t ed  t o  a considerable ex ten t  as compared with the  o r i g i n a l  
copper s u l f i d e .  E. N. Yeliseyev [9] remarked t h a t  "the widespread pre-  
valence o f  t h e  phenomenon of  inher i tance  o f  general  f ea tu re s  of t h e  c r y s t a l  
s t r u c t u r e  i n  minerals of r e l a t e d  composition should be  given p a r t i c u l a r  atten- 
t i o n  by d i s t ingu i sh ing  s e r i e s  of minerals with c lose  chemical composition and 
similar s t r u c t u r e s  -- s e r i e s  of minerals with inhe r i t ed  c r y s t a l  s t ruc tu res"  
[9, p. 4211.  

The systematics  of copper s u l f i d e s  can have a t r u l y  crystal lochemical  
b a s i s  only when considerat ion has  been given t o  t h e  inhe r i t ance  of  general  
c h a r a c t e r i s t i c s  of t h e  c r y s t a l  s t ruc tu re  i n  a l l  mineral  forms of copper s u l -  
f i d e s .  A l l  copper s u l f i d e s  (cha lcoc i te ,  d j u r l e i t e ,  the  new hexagonal copper 
s u l f i d e ,  d igen i t e  and c o v e l l i t e )  should be  descr ibed toge ther  i n  the  crystal- 
lochemistry of s u l f i d e s  (and no t  separately as is  done i n  the e x i s t i n g  c l a s -  
s i f i c a t i o n s  of su l f ides  a t  t h e  present  time) under a s i n g l e  d iv i s ion ,  d i s -  
t inguish ing  a %cries of minerals o f  copper s u l f i d e s  with i n h e r i t e d  c r y s t a l  
s t r u c t u r e s .  
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